cording'to the clinical severity of their pulmonary emphysema.
Methods

Subjects
Twenty-two hospitalized patients have been studied. Upon physical examination, they all had symptoms and findings consistent with some degree of obstructive bronchopulmonary disease. All had chronic coughs and some shortness of breath. Some had pulmonary fibrosis in addition to emphysematous changes, and most of them had tuberculosis when they were studied, or had had this disease at some time in the past. In this study the subjects were classified into three groups on the basis of the severity of their clinical symptoms and the impairment of spirometrically measured ventilatory function.
Group I comprised six patients who did not complain of shortness of breath at rest, but who became dyspneic with moderate exertion and had maximal expiratory flow (MEF) rates greater than 180 L per minute. Whereas some of the subjects in this group had numerical values for MEF, or maximal breathing capacities (MBC) that were borderline or even normal, these patients had forced expiratory spirograms that demonstrated slowing of the expiratory flow in some portion of the tracing. Group II was composed of nine patients, each with recurring symptoms while resting, and each suffering from enough dyspnea to prevent any prolonged physical activity. The maximal breathing capacities of these patients varied from 34 to 76 L per minute, with a mean value of 55; mean MEF measurement for this group was 113 L per minute, and all but one member had MEF values between 70 and 120. Group III comprised seven patients with crippling breathlessness, MBC between 13 and 52 L per minute, and MEF between 50 and 100 L per minute. These patients were confined to bed most of the day and capable of only minimal physical activity.
The ages, body surface areas, and available results of routine ventilatory testing for these patients are recorded in Table I . Progressive incapacity is accompanied by a corresponding increase in obstructive and restrictive ventilatory defects.
Procedure
The day before the experiment, the patient received a preliminary detailed explanation from the investigators t The maximal breathing capacity was not available for all the subjects of group I. T = standard deviation. who would carry out the procedure. After an arterial puncture, the subject was seated in a comfortable chair.
VENTILATION TO PERFUSION RATIOS IN EMPHYSEMA
His nose was occluded with a nose clamp, and a rubber mouthpiece was fitted into his mouth and checked for leaks. The mouthpiece was connected to a two-way plastic valve, having a 30-ml dead space.
The subject first inspired an argon-free gas in which the fractional concentrations of 02 and N2 were comparable to those in room air. After an adaptation period of 10 minutes, the expired gas was collected while a sample of arterial blood was being withdrawn. The inspired gas was then changed to a mixture of 90% 02 and 10% N2 with no argon. The subject breathed this mixture for 11 to 15 minutes before samples of arterial blood and expired gas were again collected simultaneously. The For the determination of alveolar-arterial differences (A-aD) in gas tensions, and for plotting the washout and washin, the concentrations of end tidal expired gas were assumed to represent the gas concentrations in the alveoli. Determination of Q. Assessment of the distribution of blood flow within the three compartments required several assumptions, each of which will be discussed in turn. a) VA/Q is assumed to be the same throughout (i.e., not distributed within) each of the compartments identified from the N2 washout data. This assumption is necessary if the number of compartments is to be kept within manageable limits.
b) VA/Q is assumed to be lower in compartments with less ventilation per unit volume. In any case where this is not true, our interpretation is not valid. In the patients studied in these experiments, however, the washout data indicate that those parts of the lung with lowest VA/VL ratios constitute a significantly large fraction of the total lung volume, accounting for 71% of the functional residual capacity (FRC) in group III and 46% in group I. Our assumption, then, is that such a large part of the lung must be perfused by a substantial portion of the cardiac output. Hence, since its ventilation is so much less than that of other parts of the lung, this larger compartment must have the lowest VA/Q. Although this assumption will be reviewed in detail in the Discussion, it must be kept in mind that these compartments, so defined, have no spatial significance whatsoever. The technique used in our experiments considers units with the same functional properties from all over the lung as grouped together in each compartment. The findings, therefore, of regional function studies (10) (11) , which, by contrast, group together in variable proportions units with different characteristics, do not refute our assumption. c) A-aDN2 is considered as being determined exclusively by the group of low VA/Q units. This assumption is not entirely accurate, since the better ventilated spaces also make a small contribution; where the assumption is invalid, the resulting error would minimize the ventilation to perfusion ratios of the slow spaces.
d) A-aDco2 is assumed to be determined exclusively by the group of units with the highest VA/Q. If this postulate is not valid, the estimates of the VA/Q in the better ventilated spaces are maximal values. e) Total blood flow is assumed to be S L per minute, and the same in all subjects. Deviations from this estimate by 30% in either direction were found to cause no appreciable difference in results from this system of interpretation.
On the basis of these assumptions, the value of Q0 was obtained by determining the blood flow necessary to produce the measured A-aDN2, when the alveolar ventilation was equal to VA3, as derived from the N2 washout curve. A-aDCO2 VAT -PacO2 -ACO2 [2] The CO2 content of the capillary blood from compartment 1 was determined from the 02-CO2 diagram, on the assumption that the blood from this compartment would be fully saturated with 02. Then Q' was calculated from the equation, Q1 = VA1 X PAICo2/0.863(CVCo2 -CalCO2). Blood flow to compartment 2 was assumed to be the difference between the total blood flow and the sum of perfusion of the other two compartments: Q2 = QT -(Q +Qa).
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Results
Blood gases (Table II) The poorly ventilated compartment was the largest of the three in all subjects, and its size increased progressively from group I through group III. Compartment 2 was the next largest in size in all groups, but its size progressively decreased from groups I through III, corresponding to the increase in volume of compartment 3. Compartment 1 was the smallest in all three groups, and its proportional relationship to the total lung volume was the same in all groups. Its absolute size, however, became progressively greater from group I through group III, in parallel with the increase in total lung volume. These relationships explain the paradoxical distribution of VA to the different compartments in the subjects of the three different categories, and also demonstrate the necessity for considering VA in relation to VL.
Turnover rate. The alveolar turnover rate for the whole lung was lower by a significant amount for each successive group from I through III. In group II this decrease was a function of the increase in lung volume. Between groups II and III, changes in VA as well as in VL were in the direction of leading to a lower VA/VL.
In all groups, the alveolar units in compartment 2 had a nearly normal turnover rate. Furthermore, in groups I and II, the turnover rate in compartment 2 (VA2/VL2) was similar to that of the whole lung (VAT/VLT). The discrepancy between VA2/VL2 and VAT/VLT in group III resulted from an excessively large number of poorly ventilated units in these patients. The significance of this factor will be discussed later.
The turnover rate of compartment 3, which was the lowest in all three groups, decreased progressively, although moderately, from group I through group III. The amount of this decrease from one group to the next was lessened, however, by the progressive augmentation of the compartmental ventilation (VA3), which occurred even though the total ventilation (VAT) diminished progressively. The turnover rates of compartment 1 were not significantly different in the three groups. Figure 1 compares the values of VA/VL in each compartment, measured from the N2 washout and washin plot. Although there is an important scattering, no significant difference could be estimated between the two methods. These findings are consistent with results obtained by Briscoe and associates (1), plotted in quadrant C. The regression lines between the two sets of data are not different, just as there is no variance in quadrants A and B showing the same kinds of data obtained from patients and normal subjects breathing an 02 concentration no different from that of room air (9) . This evidence, in addition to other data (14) , strongly refutes the concept that a high 02 concentration in the inspired gas causes an immediate change in the number of closed or collapsed alveoli.
The procedure used to calculate blood flow was based on the several postulates stated previously and also on the use of the end tidal values of the expired gases as the alveolar gases. The case against such a method is strong in patients with disease likely to cause or increase sequential emptying of the lung. As shown by Marshall, Bates, and Christie (15), during the course of an expiration there is an important increase of CO2 and a decrease of 02 in the expired gases. In our subjects, who were quietly breathing, in opposition to forced or prolonged expiration, monitoring of the expired CO2 and N2 also revealed a consistently ascending slope for both. The rates of change were more pronounced in patients of group III, compared to those of patients in groups I and II. However, the final value in CO2 and 02, as calculated from the difference between the total pressure and the sum of Pco2 and PN2, remained within reasonable limits. The means for the subjects of groups The assumption that the compartmental distribution of VA/Q parallels the distribution of VA/VL is partly substantiated by the demonstration that, when the lung is analyzed into two compartments, the compartment with the lower turnover rate (VA/VL) also has the lower VA/Q (1, 2). The assumption here, then, is that VA/Q will continue to vary in the same direction as VA/VL,. when the lung is further subdivided into three compartments.
Actually, some of our data corroborate this hypothesis. If the units with the lowest VA/VL are also the units with lowest VA/Q, VA3/VL3
should be related to the arterial gas tension of 02, N2, or C02, since the alveoli with a low VA/Q contribute the most to the alteration of gas tensions of the mixed arterial blood. Somewhat greater difficulty is encountered, however, in attempting to corroborate the hypothesis that, since VA1/VL1 > VA2/VL2, the relationship VA1/Q1 > VA2/Q2 must also be true.
One might hope to demonstrate the existence of a relationship similar to that between the arterial gas tension and VA3/VL3 between the alveolar gas partial pressures and VA1/VL1, if compartment 1, which had the highest ventilation to lung volume ratio, also had the lowest Q/VL. Probably the best support for the belief that the units with the highest VA/Q units occur in compartment 1 is the following reasoning. The existence of abnormally high A-aDCO2 makes it necessary to assume that, in these subjects, the scattering of Pco2 throughout the whole lung is greater than normal, and that, therefore, there are units in their lungs with VA/Q that is higher than normal. The proportion of units with this high VA/Q must be relatively quite small, however; otherwise, CO2 elimination would be more efficient than it is, because more blood would be flowing through better ventilated units. Thus, it seems most unlikely that the units with the highest VA/Q occur in compartment 2, which is larger than compartment 1.
Other investigators who studied the relationship between VA/Q and VA/VL in the anatomical divisions of the lung have found a high VA/Q and a low VA/VL in the upper lobe and a low VA/Q and a high VA/VL in the lower lobe (16, 17) . These results might appear to weaken our assumption regarding the parallel distribution of VA/Q and VA/VL to the compartment, and also to contrast with the data we used to corroborate it (1, 2). The reasons for such a discrepancy lie in the differences in the approaches; a functionally defined compartment of any organ containing many units does not necessarily refer to an anatomical grouping of those units. With models it is possible to show that this paradoxical disagreement between the anatomically and functionally defined divisions of the lung depends upon the respective volume of each lobe, the absolute ventilation of each lobe, and the fact that the lobes are not uniform but contain both low and high VA/Q units in different proportions. Thus the contradiction in these findings is actually only apparent, and the two concepts can be true at the same time.
The assumptions regarding the types of VA/Q units causing A-aD for N2 and CO2 have two implications that may be questioned. First it is implied that PN2 is the same in all units having a VA/Q higher than, or equal to, the mean VA/Q, whereas Pco2 is identical in all alveoli having a VA/Q lower than, or equal to, the mean VA/Q. Only under such conditions could A-aDN2 result entirely from the low VA/Q units, and A-aDCO2 be caused exclusively by the high VA/Q units. As is evident from Rahn and Farhi's discussion (18), this is not exactly the case, although it can be shown that A-aDN2 reflects primarily the presence of alveoli with low VA/Q ratios, whereas A-aDCo2 describes alveoli with high VA/Q ratios. The second implication is that VA/Q of the middle compartment (VL2) is not different from the mean VA/Q, and, therefore, does not contribute to arterioalveolar differences. This postulation, too, may not be entirely correct. The middle compartment is not absolutely uniform and, consequently, must contribute to some extent to the A-aD. Insofar as this postulate is incorrect, Q will be overestimated in VL1 and VL3, and underestimated in VL2. However, such an error tends to minimize, rather than exaggerate, the physiologically significant findings of this study.
Finally, it was assumed that the total blood flow for all subjects was identical and also that it was not affected by the severity of the disease. The choice of 5 L per minute is obviously arbitrary, but this is an admissable figure, since no subject had signs of circulatory or cardiac failure at the time of the experiment. Actually, in the method of computation used, differences in total blood flow would not greatly affect its distribution throughout the three lung compartments, nor would it markedly change the increase in dispersion of Q from group I to group III. On the other hand, the values of Q/VL and VA/Q would be affected, since they are calculated from the absolute values of Q. If total blood flow were higher than 5 L per minute, Q/VL would be higher and VA/Q would be lower than calculated. A lower than estimated blood flow would have the opposite effects. It is not clear from the literature whether there is any considerable change in blood flow in emphysematous patients before cardiac decompensation. Some published data (19, 20) indicate a decrease in cardiac output, another study (21) indicates no differences from normal, and a third group of data (22, 23) As shown in Table II , deepening hypoxia and hypercapnia develop as emphysema worsens. Such disturbances probably result from several different mechanisms. Table IV shows that, with increasing severity of disease, there is a lowering of the over-all VA/Q and a slight increase of the range of VA/Q. The change in over-all VA/Q is actually minimal and may be explained as a direct consequence of the hypoventilation resulting from progressive obstruction of the airways. A lowering in the over-all VA/Q can explain hypoxia and eventually hypercarbia, but certainly not the existence of A-aD if the VA/Q, regardless of its absolute value, is uniform throughout the lung. Therefore, an estimate of the alveolar and arterial concentrations of gas is important in the determination of the scattering of VA/Q in the lung. The range of VA/Q increased only between groups II and III; this change resulted from a decrease in VA/Q in compartment 3 and a tendency for VA/Q in compartment 1 to increase in those patients with most advanced disease. As a result, the interval between the highest and the lowest VA/Q is twice as high in group III as in the first two groups of patients. Undoubtedly, these changes contribute in part to the production of hypoxia and hypercarbia and partly explain the alveolar-arterial differences in 02, C02, and N2. There must be some further cause for the A-aD, however, since hypoxia deepened and the A-aD increased between groups I and II without any demonstrable change in range of VA/Q. Furthermore, it can be shown that the moderate increase in variance of VA/Q occurring in group III does not account entirely for the augmentation in the size of the A-aD. These modifications in the sizes of the different groups of lung units occurring during the course of the disease (Table III) would indicate that, with progression of the clinical disorder, there is an initial increase in the number of low VA/Q units, which is followed by a further increase in size of the low VA/Q compartment and a simultaneous lowering of VA3/Q3. Some- what comparable changes occurred in the group of high VA/Q units but were not as apparent, because this compartment is much smaller. Its absolute volume increased, however, between each patient group, even though its VA/Q increased only between groups II and III. Two changes in the frequency distribution curve of VA/Q occurred, in addition to the increase in range. First, the shape of the curve was affected; the skewness increased, because more units were scattered away from the mean in both directions. As a result, the dispersion also increased (Figure 3 ).
Although the range of VA/Q is much larger in our experiments than it was in those done by Briscoe and associates (1), a relative compensating underperfusion of the poorly ventilated group of units appeared in our subjects as well as theirs. As pointed out by these authors, this factor is an important means of maintaining the VA/Q dispersion within relatively narrow limits, thereby preventing further desaturation of arterial blood. This underperfusion occurs because the increase in size of compartment 3 as the disease progresses is relatively greater than the increase in blood flow to these poorly ventilated units. Obviously, greater perfusion of this compartment would result in a lower VA/Q, and, in turn, a lower Po2 and a higher Pco2 in the capillary blood leaving these units. This state would result in an increase in both hypoxia and the A-aDo2. An overventilated, or high VA/Q, compartment need not be present to explain the A-aD for 02 and N2, since most of the variance in Po2 appears between the normally ventilated second and poorly ventilated third compartments. The addition of the first, or highly ventilated, compartment to the compartmental analysis causes only a moderate increase in the range of Po2 and PN2.
Consideration of the relationship between the different factors leading to hypoxia makes it apparent that the relative amount of perfusion to a poorly ventilated compartment is as important as its VA/Q. This situation is somewhat analogous to the conditions associated with hypoxia resulting from a true anatomical shunt; the same level of unsaturation of the mixed arterial blood can be attained with a large shunt of moderately unsaturated blood as with a smaller shunt of more desaturated blood.
A similar mechanism is involved in hypercarbia and the A-aDCO2. Figure 4 shows that, between groups II and III, the developing hypoventilation was associated with an increased Pco2 in alveolar gas, and, consequently, also in the mixed arterial blood, since the over-all VA/Q had decreased. However, the increased number of very low VA/Q units obviously resulted in an increase in the relative amount of blood from these units being added to the mixed arterial blood, thereby also contributing to the elevation of Paco2. (14) , whereas others have postulated that it is a result of the Haldane effect of the CO2 dissociation curve (27) . Comparison of the Paco2 and PACo2 before and after changing from low to high Fio2 indicates the source of the change of A-aDCo2 (28) . In normal subjects and those with only minimal disease, only a decrease in the PACo2 occurs (14, 26) . In patients with advanced emphysema and hypercarbia, however, this same directional change in the PACo2 is accompanied by an increase in Paco2 that is of much greater significance ( Figure 5 ). This difference might be explained by a Haldane effect occurring when these patients' blood (the largest portion of which remains unsaturated while the patient breathes room air) becomes saturated at the higher Fi02. Summary The physiologic changes associated with the progression of disease in chronic pulmonary emphysema were examined in a comparative study of the several factors related to respiratory gas exchange in 22 patients at different stages of this disorder. Factors considered included alveolar ventilation, lung volume, blood flow, and the relationships of these to each other in a three compartment system; the alveolar-arterial differences of each of the three respiratory gases, 02, C02, and N2; and the distribution of the ventilation to perfusion ratios (VA/Q) throughout the lung.
Our findings confirm the fact that changes in the distribution of ventilation to perfusion ratios appear to be the factors mainly responsible for progressive impairment of gas exchange in patients with emphysema graded according to ventilatory impairment. Although there is a lowering of the over-all VA/Q that accompanies worsening of the clinical signs, this is actually probably not as significant in the production of hypoxia and hypercarbia as the changes in distribution of units throughout the lung. These changes include increases in the range of VA/Q, skewness of the frequency distribution curve, and dispersion. In other words, as the clinical disease advances, there appears to be a decrease in the number of alveolar units with a normal ventilation to blood flow ratio as more and more units move away from this category in both directions; most become low units, while some others are becoming high VA/Q units at the same time.
The rate of blood flow, or percentage of total blood flow, going to alveolar units with a low VA/Q is equally as important to the production of hypoxia and CO2 retention as the actual level of low VA/Q ratio value.
